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Abstract
The molecular epidemiology and prevalence of virulence factors of isolates from patients with Klebsiella pneumoniae liver abscess (KLA) in
mainland China are unknown. Klebsiella pneumoniae isolates were obtained from drainage samples aseptically collected from patients with
pyogenic liver abscess (PLA). The genetic similarity of KLA isolates was analyzed by pulsed-ﬁeld gel electrophoresis. The hypermucoviscosity
(HV) phenotype was identiﬁed by a positive string test. The K1 and K2 genotypes, the pLVPK-derived genetic loci, aerobactin gene, kfu and
alls were detected by PCR ampliﬁcation. The sequence types (STs) were identiﬁed by multilocus sequence typing. Among the 51
non-repetitive KLA isolates, 49 PFGE types have been identiﬁed. In total, 19 (37.2%) and 14 (27.4%) of the 51 KLA isolates belonged to
clonal complex (CC) 23 and CC65, respectively, while the other 18 isolates (35.3%) were deﬁned as other STs. CC23 consisted of only K1
strains, while CC65 included only K2 strains. All non-K1/K2 strains were classiﬁed as STs other than CC23 and CC65. Approximately 70.6%
(36/51) of KLA isolates exhibited an HV phenotype. Both K1 and K2 isolates presented signiﬁcantly higher prevalence of the pLVPK-derived
loci than non-K1/K2 isolates. The K1 isolates had a signiﬁcantly higher prevalence of the kfu and allS genes than K2 and non-K1/K2 isolates,
while the K2 isolates exhibited higher repA prevalence than K1 and non-K1/K2 isolates. The majority of KLA isolates belonged to CC23K1
and CC65K2, while other STs with non-K1/K2 capsular types have also been identiﬁed. The virulent factors exhibited diverse distribution
among the different clones of KLA isolates.
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Introduction
Klebsiella pneumoniae has emerged as an important pathogen
for various infections. In 1986, a novel variant of K. pneumoniae
causing pyogenic liver abscess (PLA) was reported by a group
of Taiwanese doctors [1]. Today, K. pneumoniae-caused liver
abscess (KLA) has emerged as a major health problem in
Taiwan, with the percentage of KLA rising from 30% in the
1980s to over 80% in the 1990s [1,2]. Of particular concern
now is an increasing number of KLA cases reported in many
countries outside Asia, which are linked to the signiﬁcant
mortality rates in these countries, such as the United States
[3,4].
Described as hypervirulent K. pneumoniae (hvKP), the
PLA-causing K. pneumoniae exhibited unique phenotypic and
genotypic characteristics [1]. By multilocus sequence typing
(MLST) analysis, the majority of hvKP belonged to clonal
complex 23 (CC23), which is composed of a predominant
sequence type (ST23) with a number of less common close
relatives, including ST57, ST163, ST137 and ST217 [5–10].
Meanwhile, CC65 has also been identiﬁed as a virulent clone
that differs from CC23 by their virulence gene content [11].
K. pneumoniae isolates with capsular (K) types K1, K2, K4
and K5 are highly virulent strains that are often associated
with severe infections in humans [11]. The prevalence of
capsule serotypes K1 and K2 among the KLA strains ranged
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from 52% to 77.6%, while a considerable number of non-K1/
K2 genotypes have also been identiﬁed [12–16]. Remarkably,
CC23 and CC65 were characterized by their distinctive K
genotypes, with the majority of CC23 being composed of
serotype K1 stains and CC65 mostly corresponding to
capsular serotype K2 [11]. Furthermore, the K. pneumoniae
with hypermucoviscosity (HV) phenotype were considered
more virulent for invasive infections than HV-negative strains
[17–19], and the HV phenotype appeared to be a surrogate
marker for KLA strains [20]. However, it remains unclear
whether all hvKP are hypermucoviscous [4]. Moreover,
K. pneumoniae without the HV phenotype have also emerged
as an aetiological pathogen for various abscesses [21].
As a potential hypermucoviscosity-associated gene, the
rmpA (regulator of mucoid phenotype) is located on a
180-kilobase plasmid and is a positive regulator of extracap-
sular polysaccharide synthesis that confers a mucoid pheno-
type [22,23]. Further investigations on the rmpA-borne
plasmid pLVPK found that rmpA and other rmpA-related
genetic loci in pLVPK, including terW, iutA and silS, are
involved in the pathogenesis of KLA strains. This suggests that
some derivatives of pLVPK, not rmpA per se, are essential to
K. pneumoniae virulence, and the hvKP carrying the
pLVPK-derived terW-rmpA-iutA-silS loci may predispose hosts
to abscess formation [16]. Another important virulence factor
in hvKP is MagA (mucoviscosity-associated gene A). Initially,
magA was described to mediate the hypermucoviscous
phenotype [24]. Further studies showed that magA is not a
speciﬁc virulence gene for KLA, but is responsible for the
capsular serotype K1 of K. pneumoniae [25–27]. Recently, the
magA was identiﬁed to be a K1-speciﬁc capsular polymerase
gene (wzyKpK1) [28].
In addition, the allS region, which has been found only in K1
isolates, could assist K. pneumoniae to compete for nitrogen
sources by its ability to utilize allantoin. The allS appears to be
speciﬁc, but not universal, for serotype K1 KLA isolates
[11,14,29]. The kfu, which mediates uptake of ferric iron and
modulates virulence of hvKP, is highly correlated with allS and
magA in K1 KLA isolates [30]. Interestingly, all serotype K2
isolates lacked the kfu gene, while a considerable number of
non-K1/K2 isolates carried it [11,14].
In mainland China, KLA has been documented in some cases
[31–33]. However, little is known about the molecular
epidemiology and prevalence of virulence factors of the KLA
isolates. In this study, 51 non-repetitive K. pneumoniae isolates
causing primary PLA were collected and analysed for clonal
distribution by PFGE and MLST. The prevalence of the HV
phenotype, capsule serotype and virulence factors including
pLVPK-derived genetic loci, aerobactin, kfu and alls were
investigated.
Materials and Methods
Bacterial isolates
Drainage samples were aseptically collected from patients who
had been clinically diagnosed with liver abscess and received
ultrasound-guided liver abscess drainage. There was no record
of intra-abdominal or biliary tract infections in their medical
records. All clinical PLA-causing K. pneumoniae strains were
isolated from the drainage samples and identiﬁed by VITEK
MS (bioMerieux SA, Marcy-l’Etoile, France). Primary Klebsiella
liver abscess (KLA) was deﬁned as abscess in the liver primarily
caused by a single pathogen of K. pneumoniae without coex-
isting pathogens [23]. Escherichia coli ATCC 25922 was used as
the quality control strain for antimicrobial susceptibility
testing. Salmonella ser. Braenderup strain (H9812) was used
as a reference standard for pulsed-ﬁeld gel electrophoresis
(PFGE).
Antimicrobial susceptibility testing
The minimum inhibitory concentrations (MICs) of ampicillin,
ceftazidime, cefepime, piperacillin-tazobactam, imipenem, me-
ropenem, ertapenem, amikacin, ciproﬂoxacin and levoﬂoxacin
were measured by the agar dilution method. Results were
interpreted according to the interpretive standards of the
Clinical Laboratory Standards Institute (CLSI) [34].
Determination of the hypermucoviscosity (HV) phenotype
The HV phenotype was identiﬁed by a positive string test,
which was deﬁned as the formation of a viscous string >5 mm
in length when a colony grown overnight on a blood agar plate
at 37°C was stretched by a bacteriology inoculation loop [4].
In this study, the presence of the HV phenotype does not
necessarily equate to hvKP and likewise its absence does not
exclude a strain being hvKP.
Detection of virulence factors
TheK1 andK2 genotypeswere determined by polymerase chain
reaction (PCR) of the K-serotype-speciﬁc locus with the
following primer sets: serotype K1 (MagAF1: 50- GGTGCTC
TTTACATCATTGC and MagAR1: 50- GCAATGGCCATTT
GCGTTAG); serotype K2 (Wzy-F1: 50-GACCCGATATT
CATACTTGACAGAG and Wzy-R1: 50-CCTGAAGTAAAA
TCGTAAATAGATGGC) [35]. The aerobactin (iron sidero-
phore), kfu and alls genes were detected by PCR with the
following primer sets: aerobactin gene (forward:
50-GCATAGGCGGATACGAACAT and reverse: 50-CACAG
GGCAATTGCTTACCT); kfu gene (forward: 50-ATAGTAGGC
GAGCACCGAGA and reverse: 50-AGAACCTTCCTCGC
TGAACA) and allS gene (forward: 50-CCGAAACATTACG
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CACCTTT and reverse: 50-ATCACGAAGAGCCAGGTCAC)
[14]. The pLVPK-derived genetic loci were identiﬁed by PCR
with speciﬁc primers for terW (ATGCAATTAAACACCAGAC
AG and CTCATTCTCTTGAGTGTTTTC), iutA (ACCTGGG
TTATCGAAAACGC and GATGTCATAGCCTGATTGC),
rmpA (ACGACTTTCAAGAGAAATGA and CATAGATGTCA
TAATCACAC), silS (CATAGCAAACCTTCCAGGC and ATC
GGCAGAGAAATTGGC) and repA (GGCCAATGATAAC
AATCAG and GAATGACCAGTACATAATCC) [16].
PFGE analysis
PFGE typing of clinical K. pneumoniae isolates was performed
as previously described [36]. The PFGE patterns were analysed
by BIONUMERICS software (Applied Maths NV, Sint-Mar-
tens-Latem, Belgium) using the dice similarity coefﬁcient.
Strains were considered as the same clone (type) if they
possessed ≥85% genetic similarity or fewer than four fragment
differences in PFGE proﬁles. Clusters were deﬁned as DNA
patterns sharing ≥70% similarity.
Multilocus sequence typing (MLST)
MLST was carried out for K. pneumoniae by amplifying and
sequencing seven housekeeping genes according to protocols
provided on the MLST website for K. pneumoniae (http://www.
pasteur.fr/recherche/genopole/PF8/mlst/Kpneumoniae.html).
Statistical analysis
Fisher’s exact tests were used in the Chinese High Intellec-
tualized Statistical Software version 2010 to determine the
signiﬁcance of the prevalence values. A p value of <0.05 was
considered to be statistically signiﬁcant. The different variables
between liver abscess groups with different capsule serotypes
were compared by univariate analysis.
Results
From June 2008 to July 2013, we obtained 51 non-repetitive
K. pneumoniae isolates causing primary PLA. The median age
of the patients was 53 years and the male-to-female ratio was
1.32 (29–22). Of these patients, 41.2% (21/51) had diabetes.
In this study, all tested KLA isolates were found to be
resistant to ampicillin and susceptible to other antimicrobial
agents.
In total, 20 sequence types (STs) were identiﬁed among 51
K. pneumoniae isolates. Nineteen isolates (37.2%) belonged to
clonal complex (CC) 23, which contained 18 ST23 and one
ST163. Another 14 isolates (27.4%) were categorized as
CC65, which consisted of ﬁve ST65, two ST25, one ST375,
four ST825 and two ST1325, which were ascribed to a novel
ST with the allelic proﬁle 43-1-2-1-10-4-18. The other 18
isolates (35.3%) were deﬁned as ST29, ST30, ST37, ST86,
ST412, ST420, ST592, ST806, ST944 and four unregistered ST
named A, B, C and D (Fig. 1). Among the 51 K. pneumoniae
isolates, 49 types have been identiﬁed by PFGE proﬁle. The 19
CC23 strains were classiﬁed in three clusters (I, II and III),
while all other isolates exhibited distant genetic relationships
(Fig. 1).
Table 1 and Fig. 1 show the distribution of the capsule K
genotypes among the 51 KLA isolates. The K1 was the most
common genotype (n = 20; 39.2%), followed by the K2
(n = 16; 31.4%) and non-K1/K2 type (n = 15; 29.4%). Remark-
ably, CC23 and CC65 were characterized by their distinctive
K genotypes, with CC23 and CC65 corresponding to sero-
types K1 and K2, respectively. CC23 comprised only K1
strains, while CC65 included only the K2 strains. Meanwhile,
most strains with K1 and K2 genotypes belonged to CC23 and
CC65, respectively. All non-K1/K2 strains were categorized as
STs other than CC23 and CC65 (Table 1). Approximately
70.6% (36/51) of KLA isolates exhibited the HV phenotype,
with the K2 strain acting as the most outstanding HV isolate
(Table 1). A considerable number of strains, including six K1
strains and one K2 strain, were found negative by the string
test (Fig. 1).
The prevalence of virulence factors and the signiﬁcance of
the prevalence values are listed in Table 1. The K1 isolates had
signiﬁcantly higher prevalence of the kfu and allS genes than K2
and non-K1/K2 isolates. Meanwhile, the K2 isolates exhibited
higher repA prevalence than K1 and non-K1/K2 isolates. Both
K1 and K2 isolates presented a signiﬁcantly higher prevalence
of the pLVPK-derived loci than did non-K1/K2 isolates
(Table 1).
Discussion
Klebsiella pneumoniae has been found to be the leading cause of
PLA in some Asian countries such as Taiwan, Hong Kong,
Singapore and South Korea [2,3]. Meanwhile, most patients
from outside of Asia with KLA were of Asian descent [3]. It
was conﬁrmed in mouse models that much more virulence
was exhibited by K. pneumoniae isolated from Asian patients
with the invasive syndrome than by strains isolated from
patients outside Asia [3,37]. Although some KLA cases have
been reported in mainland China [31–33], the phenotypic and
genotypic features of the KLA isolates from this area remain
unclear.
In this study, the CC23 isolates exhibited close genetic
relatedness and can be classiﬁed into three clusters by PFGE
proﬁle (Fig. 1). Consistent with previous reports, we also
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observed that the CC23 KLA isolates, which are geographi-
cally widespread, were genotypically closely related [5,6],
revealing the clonal population of CC23 KLA isolates. Mean-
while, the KLA isolates other than CC23 exhibited great
genetic variation by PFGE proﬁle (Fig. 1). K. pneumoniae CC23
and CC65 have been conﬁrmed to be strongly associated with
capsule genotypes K1 and K2, and were designated as CC23K1
and CC65K2, respectively [11]. However, one non-CC23 K1
and two non-CC65 K2 strains have also been identiﬁed in this
study (Table 1 and Fig. 1), indicating the somewhat unreliable
FIG. 1. Dendrogram of patterns generated by PFGE of KLA isolates. The round frame and square frame marked the genotypic characteristics of
CC23 and CC65, respectively.
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clone identiﬁcation provided only by the K type. This might be
explained by horizontal transfer of the capsule synthesis (cps)
operon, responsible for the synthesis of the capsular polysac-
charide [11].
In spite of this, most CC23 and CC65 corresponded to
serotypes K1 and K2, respectively (Table 1 and Fig. 1),
showing the strict association of virulent clones with capsular
types. K. pneumoniae CC23 has been reported to be the
leading clone causing KLA [5–7]. However, a considerable
number of isolates belonged to clones other than CC23
(Table 1). Meanwhile, the K1 isolates contributed to only
39.2% (20/51) of KLA in this study, lower than previous
reports, which ranged from 46.6% to 63.4% [12–15]. Never-
theless, because of the observed higher prevalence of K2
strains than in other studies (31.4% vs. 14.2% to 20.5% [12–
15]), the K1/K2 strains contributed to 70.6% (36/51) of KLA in
this study, similar to that previously reported (72% to 77.6%)
[12–15]. Furthermore, a low prevalence (29%) of the K1
isolate has also been found in another study [16]. Altogether,
these studies provide evidence that K. pneumoniae isolates
with serotypes other than K1 play an important role in PLA
and should not be underestimated [38,39].
The HV phenotype has been demonstrated to be a
signiﬁcant contributor to the virulence of K. pneumoniae in
invasive infections [17–19], and appeared to be a surrogate
marker for hvKP [20]. However, in this study, only 70.6% of
KLA strains (36/51) were positive for the HV phenotype,
which was signiﬁcantly lower than that reported by previous
studies (more than 85%) [14,23,24], suggesting that the
presence of the HV phenotype does not necessarily equate
to hvKP, and likewise its absence does not exclude a strain
being hvKP. In another study, the HV phenotype was positive
in only 51% of tissue-abscess isolates and in 54% of KLA strains
[21]. Furthermore, it remains unclear whether all hvKP are
hypermucoviscous [4]. Therefore, these observations suggest
that the virulence characteristics of hvKP should also be
deﬁned by genotypic and clinical features, not solely based on
the bacterial phenotype [4]. Possible horizontal transfer of the
cps operon, which is responsible for the synthesis of the
capsular polysaccharide, may be a reason for the lack of strict
association of the HV phenotype or capsular serotype with
hvKP [11]. It has been suggested that the genomic background,
rather than the HV phenotype or capsular serotype, deﬁnes
hvKP pathogenicity [11,20].
As a positive regulator of extracapsular polysaccharide
synthesis, the rmpA gene is responsible for the clinical
manifestation of the HV phenotype [22,23]. However, six of
42 (14.3%) rmpA-positive KLA isolates did not exhibit the HV
phenotype (Table 1). A similar trend has also been observed in
other studies (6.6% [14] and 17.9% [19]), indicating that the
HV phenotype is caused by the overproduction of extracellular
polysaccharide, but not predicted by the presence of the rmpA
gene [22,23]. Recently, it was suggested that derivatives of
pLVPK, not rmpA per se, are prerequisites for K. pneumoniae
virulence [16]. In this study, a different prevalence of
pLVPK-derived loci among the KLA isolates with dissimilar
capsular types (Table 1) indicated that these determinants may
have a closer relationship with the virulence of K1/K2 isolates
than non-K1/K2 strains. Meanwhile, all K2 strains may have
plasmid-carrying pLVPK genes because they carried the repA
gene, which has been identiﬁed as a marker for strains having
pLVPK derivatives in an extrachromosomal form [16]. For K1
strains, most strains carried plasmid-borne rmpA [15,40].
However, the majority of K1 isolates were repA-negative in
this study (Fig. 1). Therefore, the location of the rmpA gene in
K1 strains needs to be further studied, not only the presence
of repA. pK2044 (isolated from the NTUH-K2044 K1 strain) is
4767 bp longer than pLVPK (isolated from the CG43 K2
strain), and the differences involve several insertion-deletion
events. Although both plasmids harbour the terW-iutA-rmpA--
silS loci, the genetic background of the two plasmids may differ
[41,42].
TABLE 1. Prevalence of clonal complex, capsule serotypes, hypermucoviscosity phenotype and other virulent factors in
PLA-causing K. pneumoniae in mainland China
Capsule K
serotype
No. of
isolates
No. of positive isolates (%)
CC23 CC65
Other
CC
String
test terW-iutA-rmpA-silS repA Aerobactin kfu allS
Liver abscess 51 19 (37.2) 14 (27.4) 18 (35.3) 36 (70.6) 42 (82.4) 20 (39.2) 44 (86.3) 26 (50.9) 21 (41.7)
K1 20 19 0 1 14 (70) 19 (95) 1 (5) 17 (85) 20 (100) 17 (85)
K2 16 0 14 2 15 (93.8) 16 (100) 16 (100) 16 (100) 1 (6.25) 2 (12.5)
Non-K1/K2 15 0 0 15 7 (46.7) 7 (46.7) 3 (20) 11 (73.3) 5 (33.3) 2 (13.3)
p* for K1 vs. K2 NA NA NA NA 0.1041 1.0000 0.0000 0.2381 0.0000 0.0000
p* for K1 vs.
non-K1/K2
NA NA NA NA 0.1871 0.0019 0.2924 0.4301 0.0000 0.0000
p* for K2 vs.
non-K1/K2
NA NA NA NA 0.0059 0.0000 0.0000 0.0434 0.0829 1.0000
CC, clonal complex; NA, not applicable.
*Fisher’s exact test; the bold numbers represent the p values with statistically signiﬁcant difference.
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The kfu and the alls genes have been observed in all K1
isolates but not in K2 isolates, which probably made the K2
isolates less prevalent [14]. In this study, only 50.9% and
41.7% of KLA isolates were found positive for the kfu and alls
genes, respectively. Most of the kfu- and alls-positive strains
belonged to the K1 capsular type (Table 1). This suggested
that these determinants may be critical for the K1 isolates but
not for the other strain types in invasive liver abscesses.
Other virulent factors such as aerobactin may play an
important role in the virulence of KLA isolates with non-K1
serotype. This might be attributed to the fact that most
K2 and non-K1/K2 isolates have the aerobactin genes
(Table 1). Non-K1/K2 isolates that expressed rmpA and
aerobactin genes exhibited similar virulence to K1/K2 KLA
isolates [14].
This study does have several limitations. First, limited
patient information (especially for outpatients) has been
collected. Therefore, this lack of clinical information pre-
vented us from deﬁnitively determining which strains in this
study were hvKP because a ‘reference standard’ genotypic/
phenotypic marker for hvKP has not yet been deﬁned. We
focused only on the phenotypic and genotypic characteristics
of the KLA isolates but not on the clinical features of
patients with KLA. Second, because this study is a retro-
spective analysis, the sample collection method might result
in some bias when analysing the virulence characteristics of
different KLA isolate clones. Especially the non-K1/K2
isolates, which exhibited a very low prevalence of rmpA,
are more likely to lead to bias of overall prevalence of rmpA
among isolates detected in this study. Third, rmpA2, which is
an important virulence determinant in K. pneumoniae causing
liver abscesses has not been assessed.
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